Abstract-This paper presents the design and implementation of a new adaptive dual-antenna array for mitigation of both interference and multipath effects in digital mobile communications at the handset level. This proposed system employs a nonlinear adaptive algorithm in the front end of the receiver to enhance the transmission quality in confined areas. The enhancement is blind since no priori knowledge of spatial signatures or training sequences is required. Furthermore, to obtain a compact antenna array system, a miniaturized shorting postmicrostrip antenna that operates in the 1.9 GHz PCS band is used as a radiating element. Using this microstrip antenna, a new experimental adaptive dual-antenna array prototype was designed and implemented. To examine the expected performance of this approach, experimental measurements were carried out and the measured performances indicate that gain improvement of 7 dB can be achieved by using this approach.
I. INTRODUCTION

M
ANY recent studies have presented significant research progress on smart antennas for wireless systems. This is due to the fact that this type of antenna has tremendous potential to improve the performance of future-generation wireless systems [1] , [2] . In antenna literature, a number of smart antenna arrays for basestation applications have already been proposed [3] - [5] . However, only little effort has been considered for developing adaptive antenna array receivers suitable for handsets [6] - [8] . In fact, there are several difficulties with the implementation of such a solution at the handset level. First, the space on the handset device is limited, which does not allow us to implement an antenna array with enough elements for efficient spatial signal processing. The second problem is related to the movement of the mobile that provides an omnidirectional scenario. Third, the cost and the complexity of the implementation at every mobile is much greater than the implementation at each base radio station. Besides these difficulties, the adaptive algorithm for signal processing at the handset phone has to be fast, needs only a few simple calculations, and requires a simple hardware implementation. To reduce both in- terference and multipath effect in digital mobile communications at the handset level, a new design of an adaptive dual-antenna array that employs the on-off adaptive algorithm [9] in order to enhance the transmission quality has already been recommended. This nonlinear adaptive algorithm is blind, since no a priori knowledge of the spatial signature or a pilot signal as a training sequence is required. In addition, to overcome the space problem on the handset, a miniaturized microstrip antenna is used as a radiating element in the proposed system. This type of antenna can be integrated in the printed circuit board or plastic case of the handset equipment so, in this form, more antenna elements can easily be used on the handset. To perform the experimental evaluation of the adaptive dual-antenna array, a measurement test setup that includes two compact microstrip antennas, a radio-frequency (RF) front-end module, an adaptive processor unit based on the on-off algorithm, and a data acquisition card was designed and implemented. This test setup moves along a computer-controlled metal support to perform RF measurements. This paper presents the design, theoretical analysis, and experimental studies of the performance of the adaptive dual-antenna array using a nonlinear adaptive algorithm. An analytical formulation for this system is presented in Section II. The design of the system is described in Section III. The experimental evaluation, the measurement test setup, and the experimental results are discussed in Section IV.
II. FORMULATION OF THE ALGORITHM
Let us consider a two-element array using a single feedback loop based on the adaptive phase-shift system, as shown in Fig. 1 . The two antenna elements are spaced with a distance and the first element of the array is considered as reference element. To simplify the analysis, only one main signal with constant amplitude is assumed to arrive at the reference element with an angle from the broadside direction. The signal received by antenna 1 is given by (1) where A is the amplitude of incoming signal, is the central angular frequency, and is a random variable that is distributed between 0 and rad. The signal received by antenna 2 can be written as (2) where represents the electrical phase shift between the two elements due to the array geometry considera- tion is the space between the two antennas and is the wavelength at the center frequency. The angle is measured from the broad side of the array and takes values between . Since the feedback loop is applied to antenna 2 of the array as shown in Fig. 1 , the second output, shifted by an adjustable phase , is given by
The resulting array signal output is The output power can be written as (6) (7) (8) where denotes the expected value and represents the deviation of from its optimum value . Additionally, the normalized output power is defined as (9) From (9), it can be noted that the maximum of this function occurs exactly at or . This means that equals and the two signals are in phase, which gives a maximum output power. From this elementary result, it can also be concluded that the received power can be optimized solely by adjusting the phase shifter at antenna 2. To maximize the output power P t , the iterative on-off algorithm, when applied to this dual-antenna array for adjusting the phase angle (equivalent to adjust ), yields sign (10) where represents the discrete time, is a phase shift at the th iteration, is the phase shift at the th iteration, and represents the iteration step. One key aspect of this algorithm is that it is not dependent on the received power level and offers a good performance in terms of convergence speed [9] .
To explain the application of this algorithm, let us consider a two-element system using a single feedback loop based on the adaptive phase-shift system, as shown in Fig. 1 . In such a case, the phase angle "command" can be uniquely adjusted to yield maximum output power . To this output power of the array, the iterative algorithm uses the on-off method as given by (10) (11) where represents the discrete time, is the phase at the th iteration, is the phase at the st iteration, and represents the on-off variable. This correction variable is chosen such that the weight drives the output power to its maximum using the simple rule shown as (12) (13) This algorithm, therefore, uses the time derivate of the output power to tell the adaptive loop in which direction it has to move. 1) If , then . This means that if the output increases, then the direction of search of the next iteration is in the same direction at the previous one. Thus, switching does not occur ( is in the correct direction).
2) If
, then . This means that is decreasing; therefore, the direction of search for next iteration must then be changed and maintained there until the next one. To apply this algorithm in a two-element antenna array, only one phase shifter is used at antenna 2, as illustrated in Fig. 1 . The first element of the array is considered as reference element. Since the feedback loop is applied to the second element of the array, the output power can be maximized using adjustable phase shifter, which is shifted according to (11), (12), and (13).
III. DESIGN AND EXPERIMENTAL SYSTEM
An adaptive dual-antenna array using feedback for phase adjustment was designed, fabricated, and tested at a frequency of 1.9 GHz. The configuration of the antenna system is shown in Fig. 2 . In order to have a compact system at the handset level, a miniaturized shorting post microstrip antenna was fabricated and used in the array as a radiating element. It has a size of 10.2 mm 17.35 mm, operates at 1.9 GHz, and provides 13% of the bandwidth. Fig. 3 shows the patrons of the antenna in E-plane and H-plane. More details about the gain, pattern, and input impedance of this antenna are given in [10] . This type of antenna was selected for several reasons, particularly for its light weight, compactness, and low profile. Furthermore, it can be easily placed into the handset by integrating it on the printed circuit board (PCB) or in the phone's plastic case. These qualities are essential for implementing a small array at the mobile level. Using this approach, two antenna elements are used in a linear configuration with a spacing length between them of approximately 7.9 cm at mid-range frequency. Fig. 4 shows a photograph of the two-antenna array system. As illustrated in Fig. 4 , the signals received at 1.9 GHz for both antenna elements are down converted to 140 MHz by mixing the received signals with the output of a common local oscillator. To ensure this last task, an external synthesizer and power divider are used to provide a coherent local oscillator to each of two down-converters. To eliminate unwanted mixer output products, band-pass filters with a center frequency of 140 MHz and a bandwidth of 5% are used at the intermediate-frequency (IF) stage. Fig. 5 illustrates the RF and IF stages of the antenna system prototype. To achieve the adaptive processing with the dual-antenna array, an electronic phase shifter is used to vary the phase of the incident signal in order to optimize the output power, only at the second element. This is done at an intermediate frequency of 140 MHz by using a control unit based on the on-off algorithm. As illustrated in Fig. 3 , the weighted output from the phase shifter is then added to the first element output using a power combiner to produce the output of the system. Furthermore, a power detector is used to measure the output power level, which is used as the performance criteria in the control unit, as shown in Fig. 3 . For the adaptive processing, a control unit using a simple microprocessor (Motorola 68HC811) and an 8-bit A/D converter to read the output system power has been designed, implemented, and integrated in the antenna system, as illustrated in Figs. 3 and 5. This unit produces the necessary control signal to adjust the phase shifter such that the output power is maximized.
IV. MEASUREMENT SETUP
For the experimental evaluation of our prototype, a test setup applicable to indoor environment measurements was designed and built. For this task, two scenarios were considered: 1) one with a line-of-sight (LOS) component and 2) another with no line-of-sight (NLOS) component. To perform measurements for both scenarios, a transmitter consisting of a signal synthesizer, operating in single-frequency mode at 1900 MHz, connected to a patch antenna was used. At the receiver end, the adaptive dual-antenna array prototype was used as the receiving antenna. Furthermore, to ensure that the measurement setup fulfils the far field condition, the transmitter and receiver must be separated by a distance greater than , where is the maximum dimension of the antenna system under test and is the wavelength. This condition can be achieved with a distance about 6 m in our case. In this measurement setup, the transmitter was configured at a fixed location while the dual-antenna array receiver is mounted on a moving metal support that allows it to be moved along a predetermined path at a constant speed. In this way, a realistic multipath environment was created. For each point along this path, the data at the output of the adaptive dual-antenna array were amplified, translated to baseband, and digitized. These samples were then downloaded to a computer for processing using a GPIB interface. In the LOS case, the transmitter antenna output power was set to 0 dBm. To collect data, the received signal level was measured by moving the receiver along a line and one sample was taken every 3 cm (equivalent to ).
V. EXPERIMENTAL RESULTS
Using the measurement setup described in the previous section, the total measured data was used to analysis the received signals over a displacement of 1.60 m. Thus, the received signal strength was plotted as a function of distance from the transmitter. For the LOS case, Fig. 6 shows the electrical field strength levels corresponding to the reception made with antenna 1, antenna 2, and the adaptive dual-antenna array. From the curves corresponding to antenna 1 and antenna 2, deep fading nulls are observed, which are seen to be as severe as 20-30 dB in some positions. In addition, these deep fading nulls do not occur at the same positions for antenna 1 and antenna 2. The latter observation is very important and can be exploited by selection or by combining technique. In this manner, the proposed system uses both antenna outputs combined with the on-off algorithm to improve the received signal. From the curves corresponding to the adaptive dual-antenna array, it clearly shows fewer variations in the received signal amplitude, which means a good improvement by using this technique.
To examine the performance of our approach, the recorded data was used for computing the statistical probabilities of received signal. Fig. 7 shows the probabilities of the received signal no exceeding a certain threshold value of the received level in units decibels per meter. These curves represent the received signal statistics for the LOS propagation case.
In wireless, the quality of services is generally evaluated by using the probabilities of the received signal that has to be below a certain threshold value. In our analysis, the gain has been evaluated at 0.1 of the cumulative probability function (CPF). In other words, the gain shows the improvement of signal at 90% reliability. Fig. 7 shows that to reach this probability; the receiver using antenna 1 should be able to detect signals as weak as dBm. To receive the same quality of service using the proposed system, only a dBm is needed. From these results, it can be concluded that the adaptive dual-antenna array can provide approximately 7 dB gain relative to antenna 1.
For a NLOS scenario setup, the receiver antenna system keeps the same configuration as the former case while the transmitting antenna is positioned behind a metallic screen, such that the LOS path cannot exist. In other words, this operation allows avoiding the direct path signal between the transmitter and the receiver. In this case, the source transmitter output power is set to 20 dBm. Similarly to the previous scenario, the experimental data were collected and processed. The experimental results obtained in this case are shown in Fig. 8 . From these results, it can be noted there are more fluctuations in the NLOS scenario than the LOS case. This is due of the fact that there was no direct path signal. The CPF curves for the NLOS scenario are given in Fig. 9 , which shows that to reach the probability of 0.1 in the NLOS propagation scenario, the receiver using antenna 1 should be able to detect signals as weak as dBm. To receive the same quality of service using the proposed system, only a dBm is needed. From these results, it can be concluded that the adaptive dual-antenna array can provide 7 dB gain relative to antenna 1, which is similar to the LOS case. Therefore, it can be concluded that, for both scenarios, a 7-dB gain improvement can be achieved by exploiting this method. 
VI. CONCLUSION
In this paper, an experimental investigation to demonstrate the application of the on-off method to the adaptation of a dual-antenna array controlled with a continuous variable phase shifter has been presented. A new adaptive dual-antenna array was specifically designed, fabricated, and tested for mobile handset applications. An iterative nonlinear on-off algorithm for the phase adjustment at one element has been shown to improve the gain on the incoming signal. Theoretical and experimental studies of the performance of a dual-antenna array operating in the 1.9 GHz band were also presented. Measurements in different scenarios have been conducted, demonstrating the efficiency of the adaptive algorithm. The measured results show that gain improvement of 7 dB can be achieved by using this technique. The proposed approach is suitable for wireless and mobile handset applications. 
